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In situ high-temperature nuclear magnetic resonance characterization
of structural evolution in pure gallium melt
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The structure of liquid gallium (Ga) is a long-standing issue in the studies of metallic liquids. In this paper we
investigate pure Ga melt in the temperature range of 307–1356 K by high-temperature 69Ga and 71Ga NMR. A
structural crossover at around 1000 K is revealed through the analyses of NMR observables including the Knight
shift and the spin-lattice relaxation time, which may result from the temperature-induced structural evolution of
the covalently bonded clusters in pure Ga melt. However, structure and diffusivity anomalies around 450 and
730 K at ambient pressure, which may be induced by the liquid-liquid critical point, are not observed.
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I. INTRODUCTION

Ga is the most important constituent for Ga-based room-
temperature liquid metal alloys, which have promising ap-
plications in heat transfer, wearable computing, stretchable
electronics, and biomimetic mechanics [1–4]. Following the
paradigm of the structure-property relationship in materials
research, a good understanding of the liquid structure of Ga
is of great importance to improve the application of the Ga-
based liquid materials. So far, liquid Ga has already attracted
extensive attention for the unusual dimer-constructed α-Ga
crystal [5,6] and the negative melting slope. However, several
problems related to liquid Ga structure are still unsolved.
First, the high-q shoulder in the static structure factor S(q) of
liquid Ga is a long-standing problem. It is suggested that the
shoulder peak could result from the short-range or medium-
range Ga clusters [7–9]. Experimental and theoretical studies
on individual Ga clusters have shown that some clusters can
persist to temperatures far above the melting point of α-Ga
[10–16]. However, whether the case of clusters is the true case
in bulk liquid Ga is still unknown. Second, structure evolution
of liquid Ga has also attracted much attention [17,18]. Re-
cently, a structure change in pure Ga melt at about 1000 K was
reported [19], while the nature of the structure change is still
to be explored. Third, the liquid-liquid critical point (LLCP)
hypothesis [20–22], which developed to explain the anomalies
in water, is also suggested to be applicable to liquid Ga. The-
oretical calculation predicts that the liquid-liquid transition
and LLCP are located at negative pressure [23], and recent
researches suggest that the LLCP in Ga may induce density
anomaly, structure anomaly, and diffusivity anomaly which
can extend to high temperature at ambient pressure [24]. It is
important to search for signatures of the predicted anomalies.
Thus, a careful high-temperature experimental examination
with a powerful method is needed to elucidate these problems
related to the liquid Ga structure.
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NMR is a versatile method in studying the metallic liquids
[25–27]. Unlike diffraction methods (i.e., neutron and x-ray
diffraction, which are based on pairwise distribution), the
NMR observables, including the Knight shift and relaxation
times, can provide information about the overall local struc-
ture and dynamic changes of metallic liquids. Pure Ga melt at
temperatures near the melting point has been carefully exam-
ined by NMR methods [28–31]. While at temperatures well
above the melting point, the information revealed by previous
NMR studies is ambiguous due to the limited experimental
accuracy and data points [32].

In this paper, we study pure Ga melt in the temperature
range of 307–1356 K by high-temperature 69Ga and 71Ga
NMR. Below and above 1000 K different temperature depen-
dencies of Knight shift and spin-lattice relaxation time have
been observed. Further analyses imply that complex clusters
exist in pure Ga melt and the changes of the NMR observables
may result from the temperature-induced structural evolution
of the covalently bonded Ga clusters. A continuous variation
of the electronic structure is shown and no hysteresis is
observed between the heating and cooling curves, suggesting
that the structure change at around 1000 K is a crossover
which may be due to the weak cooperativity induced by the
low constraint of the covalent bonds. Moreover, the predicted
structure and diffusivity anomalies as a consequence of the
critical fluctuation approaching LLCP are not observed at
ambient pressure.

II. EXPERIMENTAL METHOD AND RESULTS

High-purity Ga (99.999%, Sinopharm Chemical Reagent
Co., Ltd.) was used in our experiments. The samples were
prepared by vacuum sealing the pure Ga particle (about
80 mg) in the quartz tube at room temperature. In situ high-
temperature NMR experiments were carried out in a magnetic
field of 9.4 T (Bruker Ascend 400WB) using a home-made
high-temperature NMR probe. A standard 90-deg one-pulse
sequence was used with pulse widths of 9 and 7 μs for 69Ga
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FIG. 1. (a) A 69Ga NMR spectrum acquired at 978 K during consecutive heating. (b, c) Temperature (T) dependences of the Knight shift
(Ks) of 69Ga and 71Ga, respectively. The light blue dashed line in (b) and the blue dashed line in (c) represent the fitting curve with a slope of
−0.24 ppm K−1, and the red dotted lines in both (b) and (c) represent the fitting curve with a slope of −0.19 ppm K−1. The open black circles
in (b) and the open black squares in (c) represent the Ks of 69Ga and 71Ga reported previously by Kerlin and Clark [32], and the black solid
curves in both (b) and (c) represent the quadratic fitting curve in their paper.

and 71Ga, respectively. Recycle delay time was 10 ms in
all measurements. A total of 4096 scans were accumulated
for each measurement to get a good signal-to-noise ratio.
A series of 69Ga and 71Ga spectra were taken with consecu-
tively increasing temperatures from 307 to 1356 K. At each
temperature the system was equilibrated for 5 min before
measurement. After completing the heating experiments at
1356 K, the sample was kept for 1 h before the cooling
experiments. Again, a series of 69Ga and 71Ga spectra were
taken with consecutively decreasing temperatures down to
307 K. All 69Ga and 71Ga NMR spectra were referenced
to 1 M Ga(NO3)3 aqueous solution. The temperature was
carefully calibrated by using the melting point of pure in-
dium, aluminum, and copper, with the temperature accuracy
of ±2 K. Three samples were tested in three independent
stepwise heating and cooling experiments to ensure accuracy.

In the whole tested temperature range, all of the 69Ga and
71Ga spectra show a single narrow peak of Lorentzian shape,
which suggests that the Ga melt is in a single macroscopic
phase. Figure 1(a) shows the NMR spectrum of 69Ga ac-
quired at 978 K during the consecutive heating process as
an example. The peak position of the spectrum represents the
Knight shift (Ks) which is sensitive to the structure change,
and the full width at half maximum (FWHM) of the peak
(�ν) can provide structural and dynamic information of the
pure Ga melt. The temperature (T) dependences of Ks of
69Ga and 71Ga measured during our isothermal heating and
cooling experiments are shown in Figs. 1(b) and 1(c). They
are identical and overlap with each other. The heating curve

of the Ks varies linearly with a slope of −0.24 ppm K−1

below 800 K, but starts deviating from the linear variation at
about 800 K, and varies linearly again but with a different
slope of −0.19 ppm K−1 above 1100 K. The extrapolations
of the linear fittings of the temperature dependences of Ks

below 800 K and above 1100 K intersect at about 1000 K.
The cooling curve of the Ks reproduces the heating curve
perfectly in the whole temperature range, and no hysteresis
is observed. The previously reported [32] Ks values of 69Ga
and 71Ga are also shown in Figs. 1(b) and 1(c). Similar
tendencies of Ks between our measured data and previously
reported data can be observed and a tendency change around
1000 K seems also plausible in the previously reported data.
However, with limited data points and relatively large error,
a common quadratic variation of Ks in the whole tested
temperature region was postulated in the previous paper.
The absolute value difference of Ks between our data and
previous reported data may be caused by different calibration
methods.

Spin-lattice relaxation is an important process in NMR ex-
periments which can provide deeper insight into the structure
and dynamic changes [25,26]. As the extreme narrowing limit
is usually assumed in pure Ga melt [31,33], the spin-lattice
relaxation time (T1) is equal to the spin-spin relaxation time
(T2), which can be calculated from �ν by [26,34]

T2 = (π�ν)−1. (1)

The T dependences of (T1T )−1 of 69Ga and 71Ga using T1

calculated from our experimentally measured FWHM are
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FIG. 2. T dependences of (T1T )−1 of 69Ga and 71Ga. The open
black circles in (a) and the open black squares in (b) represent the
(T1T )−1 of 69Ga and 71Ga reported previously [32]. The solid green
squares in (a) and solid dark green squares in (b) are calculated using
our measured T1 by inverse-recovery method at 307, 683, 1019, and
1356 K to verify the equality of T1 and T2. Dotted lines are guides for
the eye.

plotted in Fig. 2. The heating curve of (T1T )−1 of 69Ga
decreases with T increasing in the whole tested temperature
region as shown in Fig. 2(a), and different T dependences
can be observed below and above 1000 K. The heating curve
of (T1T )−1 of 71Ga exhibits the same trends as that of 69Ga
as shown in Fig. 2(b). The cooling curves of (T1T )−1 for
both 69Ga and 71Ga of our measured data reproduce the
heating curves within error, and no hysteresis is observed.
Previously reported [32] (T1T )−1 values of 69Ga and 71Ga
are also replotted in Fig. 2, which are comparable with our
(T1T )−1 data. The measurement of the previously reported
T1 data may be limited to the measuring method and the
setups. The inverse-recovery method [25] was applied in the
previous measurement, while T1 can be determined by both
inverse-recovery method and calculating from the FWHM if
T1=T2 is applicable. Determination of T1 from the FWHM
avoids some procedures that could introduce errors in the
inverse-recovery method (e.g., measuring spectra at different

FIG. 3. T dependences of the magnetic relaxation rate divided by
T (WMT −1) and T dependences of the quadrupole relaxation rate (WQ)
calculated using our T1 data. (a, b) T dependences of WMT −1 of 69Ga
and 71Ga, respectively. (c, d) T dependences of WQ of 69Ga and 71Ga,
respectively. Dotted lines are guides for the eye.

inverse delay time and fitting), and it is also easier and more
accurate to determine the T1 from the FWHM with a more
advanced superconducting magnet and NMR spectrometer.

As 69Ga and 71Ga nuclei possess electric quadrupole mo-
ments, two main processes may contribute to T1 in pure Ga
melt, the magnetic relaxation induced by the magnetic interac-
tion and the quadrupole relaxation induced by the interaction
of the electric-field gradient [27,35]. In our experiments, both
69Ga and 71Ga were measured, and the total relaxation rate
(W) for each isotope of Ga can be written as [26]

W 69 = 1/T1
69 = W 69

M + W 69
Q , (2a)

W 71 = 1/T1
71 = W 71

M + W 71
Q , (2b)

where 69 and 71 denote the two isotopes of Ga, and WM

and WQ are the magnetic relaxation rate and the quadrupole
relaxation rate, respectively. Consequently, the contributions
of the magnetic relaxation and the quadrupole relaxation for
each isotope can be separated as [32,36]

W 69
M = (W 69 − RQW 71)/(1 − RQ/RM), (3a)

W 71
M = W 69

M /RM, (3b)

W 69
Q = (W 69 − RMW 71)/(1 − RM/RQ), (3c)

W 71
Q = W 69

Q /RQ, (3d)

where

RM = (γ69/γ71)2, (4)

RQ = [ f (I69)/ f (I71)](Q69/Q71)2, (5)

f (I ) = [(2I + 3)/I2(2I − 1)], (6)

γ is the nuclear gyromagnetic ratio, Q is the nuclear
quadrupole moment, and I is the nuclear spin. Figure 3 shows
the T dependences of WMT −1 and WQ for both isotopes of Ga
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calculated from our T1 data by Eqs. (2) and (3). The WMT −1 of
69Ga decreases with increasing T during the whole tested tem-
perature range as shown in Fig. 3(a). Different T dependences
of WMT −1 below and above 1000 K are observed. Figure 3(b)
shows the WMT −1 of 71Ga, which has the same trends as that
of 69Ga. As discussed below, the change of the T dependence
on the WMT −1 curves implies the structure change of Ga melt.
Figure 3(c) shows the T dependence of WQ of 69Ga. Below and
above 1000 K different T dependences of WQ are observed,
and at T above 1000 K WQ decreases with a much slower rate
than that at T below 1000 K. The T dependence of WQ of 71Ga
also reveals the same tendency as that of 69Ga as shown in
Fig. 3(d). WQ reflects the diffusional motion in metallic liquids
[37–39]. The change of the T dependence of WQ for both 69Ga
and 71Ga at about 1000 K implies a kinetic change of the pure
Ga melt. The cooling curves of WMT −1 and WQ for both 69Ga
and 71Ga reproduce the heating curve within error, and no
hysteresis is observed.

III. DISCUSSION

With limited accuracy and data points, the structure and
kinetic information at high temperature had not been ana-
lyzed systematically in previous NMR studies of pure Ga
melt [28,32]. In our experiments, with improved accuracy
(Ks error < 0.5 ppm) and more data points, a structure change
was revealed by the slope change of Ks. Moreover, with
more accurate relaxation results (�ν error < 1.5%), a deeper
insight into the structure and kinetic changes can be obtained.

In pure Ga melt four mechanisms may contribute to Ks,
which can be written as [27]

Ks = Kd + K s
CP + Kp

CP + Korb. (7)

Kd comes from the direct hyperfine interaction of the s-state
electrons, which can be further expressed as [40]

Kd = (8π/3)χs�〈|uF(0)|2〉, (8)

where χs is the spin susceptibility per unit volume of s
electrons, � is the atomic volume, and 〈|uF(0)|2〉 is the
averaged probability density at the nucleus of s-like Fermi-
surface electrons; K s

CP and Kp
CP are the s-core polarization

and p-core polarization contribution, respectively; and Korb

is the orbital contribution. As the static interaction leads to
the resonance frequency shift, the dynamic part of the contact
hyperfine interaction is the chief mechanism of the magnetic
relaxation [27]. For the situation with only Kd contributing to
Ks, the magnetic relaxation rates WM and Kd are related by the
modified Korringa relation [41–43]

WM

T K2
d

=
(

4πkB

h̄

)(
γ

γe

)2

K (α)d, (9)

where γe is the electronic gyromagnetic ratio, kB is Boltz-
mann’s constant, h̄ is the reduced Planck constant, and K (α)d,
which is believed to be a constant, is the correction factor
accounting for the effects of electron correlation and exchange
on the Knight shift and relaxation rate. However, the different
contributions to Ks cannot be separated experimentally. Sim-
plify the expression of Ks as

Ks = Kd + Kother. (10)
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FIG. 4. T dependences of K (α)obs. (a) K (α)obs of 69Ga dur-
ing consecutive heating (red circles) and cooling (blue triangles).
(b) K (α)obs of 71Ga during consecutive heating (pink rhombi) and
cooling (light blue triangles). The dotted lines and the dashed lines
are guides for the eye.

The experimentally observed K (α)obs fulfills the expression
[32]

WM

T K2
s

= WM

T (Kd + Kother )2 =
(

4πkB

h̄

)(
γ

γe

)2

K (α)obs. (11)

Combine Eq. (11) with Eq. (9) to obtain

K (α)obs = K (α)d

(1 + Kother/Kd )2 . (12)

Thus, the K (α)obs characterizing the change of Kother/Kd is an
indicator of the electronic structure change. Figure 4 plots the
T-dependent K (α)obs calculated from Eq. (11). For both iso-
topes of Ga, K (α)obs vary the same, which shows a decrease
with T increasing at T below 1000 K but remains invariant at T
above 1000 K. These results indicate that Kother/Kd increases
with T below 1000 K and Kother/Kd stays constant above
1000 K. The cooling curve of K (α)obs reproduces the result
of the heating curve in the whole tested temperature range,
and no hysteresis is observed.

It is suggested that the bonding in liquid Ga is a mixture
of metallic and covalent types [44–46], and the covalent
bonding between Ga atoms would lead to the formation of
Ga clusters [44]. The structures of individual Ga clusters
and their evolution have been extensively studied. Clusters
consisting of different numbers of Ga atoms are shown to
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possess different melting points, and most of which are higher
than that of α-Ga crystal [10–16]. For instance, the clusters
with 30–80 Ga atoms were experimentally observed to melt
between 400 and 800 K [10,12] and the smaller clusters with
7–17 Ga atoms are reported to show much higher melting
points or even no signature of melting up to 2440 K [15,47].
It should be noted that the evolution of the Ga clusters
is associated with the variation of covalent bonds between
Ga atoms [16,48], which would lead to the change of Kp

CP
[49–51], and further contribute to Kother/Kd. Based on our
results, a possible scenario for the structure evolution in liquid
Ga is that, in the bulk liquid Ga, the Ga atoms connect to some
of the nearest neighbors by covalent bonds to form different
Ga clusters, and according to the relative size the clusters can
be roughly classified into two categories, the “large clusters”
consisting of the clusters possessing higher melting points
than that of α-Ga and the “small clusters” consisting of the
clusters possessing much higher melting points. Because of
the fast exchange effect in liquid Ga, different structures are
averaged in the NMR probe timescale, leading to a single
peak in the spectra of both isotopes of Ga. At T below
1000 K, liquid Ga mainly consists of the large clusters; as
the covalent bond breaking when the large clusters transform
to smaller clusters at different temperatures, the variation of
the covalent bonds leading to Kother/Kd increase. At T above
1000 K, liquid Ga mainly consists of less changed smaller
clusters, thus Kother/Kd remains constant.

This clusters scenario is further supported by the WQ anal-
ysis. Normally, WQ contains temporal information on atomic
jumps and diffusion, and is a reflection of the kinetic evolution
in metallic liquids [37–39]. According to the ionic-diffusion
model, WQ can be expressed as [32,37,52]

WQ ∝ ρ/D, (13)

where ρ is the density and D is the diffusion coefficient. Alter-
natively, the molecular-rotation model [53], which supposes
that liquid Ga consists of Ga2 dimers rather than single Ga
ions, had also been proposed to describe the kinetics of Ga
liquid, and WQ can be expressed as [25]

WQ ∝ ηV/T , (14)

where η is the viscosity and V is a representative volume
of the molecule. Figure 5 plots the normalized theoretical
and experimental values of WQ. The prediction of the ionic-
diffusion model is estimated with the value of ρ from the
work of Basin and Solov’ev [54] and D is estimated from the
work of Xiong et al. [19]. The prediction of molecular-rotation
model is estimated based on the work of Kerlin and Clark [32].
All curves are normalized to unity at 430 K. The deviation of
the experimentally measured WQ from the prediction of the
ionic-diffusion model and molecular-rotation model implies
that more complex clusters should exist in liquid Ga. At T
above 1000 K, WQ varies much slower than that at T below
1000 K, and is still deviating from theoretical prediction. Such
results further indicate that clusters are less changed and can
persist at T above 1000 K.

It is worth noting that a continuous variation of K (α)obs

is revealed during the whole tested temperature range, and
no hysteresis is observed between the heating and cooling

FIG. 5. Normalized values of predicted and experimental WQ.
Red rhombi and blue triangles represent the 69Ga WQ from our
measurement. The dashed line is a guide for the eye.

curve of all the NMR observables, which suggests that the
phenomenon we observed at around 1000 K in pure Ga
melt is a structural crossover. Based on our cluster scenario,
the crossover is caused by the structural evolution of liquid
Ga from mainly consisting of large clusters below 1000 K
to mainly consisting of small less changed clusters above
1000 K. In the two-species model description [55–57], the
molar Gibbs free-energy change of covalent bonds breaking
when the large clusters evolve to small clusters at constant
pressure is given by [57]

�G = XB(�H − T �S) + XBRT ln XB

+ (1 − XB)RT ln (1 − XB) + W XB(1 − XB), (15)

where XB is the fraction of the total bonds which are broken at
any temperature T,�H and �S are the enthalpy and entropy
change per mole of broken bonds,R is the ideal gas constant,
and W is the cooperativity which here means the bonds broken
by the rise of temperature interacting in a way as to make
the next bond broken energetically cheaper. The value of
W can determine the transformation to be a crossover or a
liquid-liquid transition, which was suggested to relate to the
constraint of covalent bonds [57,58]. In the semiconductor
element Si and Ge liquids, which may possess higher bond
density per particle than Ga liquid, the overconstraint was
predicted to induce a liquid-liquid transition [58–62]. The
structural crossover we observed at around 1000 K may be
caused by weak cooperativity resulting from the low con-
straint of covalent bonds in Ga liquid.

Moreover, according to the LLCP hypothesis [20–22], the
critical fluctuations of LLCP are believed to be the origin of
different liquid anomalies. Theoretical calculation of liquid
Ga predicted that the structure anomaly and the diffusivity
anomaly induced by the LLCP may appear at 450 and 730 K,
respectively, at ambient pressure [24]. In our study of Ga melt,
no anomalies are observed at the predicted temperatures at
ambient pressure. Nonetheless, because of the existence of the
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complex covalently bonded clusters, liquid Ga may not be an
ideal system for verifying the LLCP hypothesis.

IV. SUMMARY

In summary, we investigated pure Ga melt in the temper-
ature range of 307–1356 K by high-temperature 69Ga and
71Ga NMR. Knight shift (Ks) and spin-lattice relaxation time
(T1) were measured during consecutive heating and cooling
experiments. Below and above 1000 K different T depen-
dences are observed in the curves of all NMR observables.
Further analyses suggest that more complex clusters exist
in bulk liquid Ga and the changes of the NMR observables
may result from the temperature-induced structural evolution
of the covalently bonded Ga clusters. K (α)obs characterizing
the electronic structure varies continuously during the whole
tested temperature region and no hysteresis is observed, sug-
gesting that the structure change at around 1000 K represents

a crossover which may result from the weak cooperativity
induced by the low constraint of the covalent bonds. This
paper furthers our understanding of the liquid structure of Ga
and indicates that the complex covalent-bonding clusters can
have a great impact on the structure and kinetic properties in
the metallic melts, and such impact can even extend to tem-
peratures high above the melting point. At lower temperature,
such impact could become more prominent. It could be crucial
for the kinetic change of supercooled liquid, and play an
important role in the formation of metallic glass. In addition,
the structure and diffusivity anomalies which may originate
from the critical fluctuation when approaching LLCP are not
observed as predicted at ambient pressure.
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